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The performance of corrosion resistant inorganic oxide coatings formed on AI-Cu—Mg alloys is often
degraded by Cu enrichment that occurs during oxide formation. This is particularly true of coating
processes conducted in basic solutions. A modification to an alkaline oxide coating process has been
made that simultaneously eliminates Cu enrichment and forms a corrosion resistant coating. In this
paper, the modified process is described and the resulting coating morphology, structure and com-
position are reported. Results from electrochemical and exposure corrosion tests show that useful
gains in corrosion resistance are achieved. Cu removal during the modified process is rationalized
using an argument based on the increase in Cu solubility that occurs in solutions with a pH greater
than the solubility minimum for Cu (9.8), and the effect of Cu complexing by carbonate.
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1. Introduction

Copper is an important alloying element in com-
mercial aluminium alloys. Copper additions to alu-
minium, usually in combination with other elements,
enable a desirable mix of mechanical properties to be
developed through natural and artificial ageing
practices. Up to 6.5wt% Cu is added to wrought
heat treatable alloys [1], and up to 14 wt % is added
to cast alloys [2]. In binary alloys, the solid solubility
of Cu varies from approximately 5.7wt % at the
solidus temperature to 0.05wt % at room tempera-
ture [3]. Cu solubility is sometimes lowered when
other alloying elements are present. As a result, much
of the copper added to an alloy is segregated into
second phase particles.

In many aqueous surface finishing procedures, the
presence of Cu in aluminium is problematic. During
finishing, the surfaces of work pieces become enriched
with a variety of copper compounds, occasionally
including metallic Cu, that are collectively referred to
as ‘smut’. Cu smut forms in etching alkaline de-
greasing solutions where Cu solubility is low [4]. Less
frequently, it is observed to accumulate on surfaces
during deoxidizing where aggressive chemical action
intended to remove surface oxides attacks the un-
derlying alloy substrate [5]. Metallic copper deposits
form because the open circuit potential for the alloy
substrate is negative to the reduction potential for Cu
(how Cu is liberated from the alloy to begin with has
not yet been explained for all relevant environments).
Cu smut interferes with conversion coating formation
[6], anodization [7] and with bonding of subsequently
applied adhesives and paints [6, 8, 9]. It is also sus-
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pected to contribute to increased susceptibility to
corrosion during service due to galvanic coupling
with Cu-rich surface regions.

In aqueous solutions it is thermodynamically
possible to use chemical or electrochemical oxidation
to remove Cu from aluminium alloy surfaces. It is
also possible to use Cu complexing agents to sup-
plement the efficacy of Cu removal by Cu oxidation.
Several techniques have been explored experimentally
with some success [10]. These techniques have been
carried out in advance of conversion coating or an-
odizing. However, Cu enrichment can occur during
the subsequent coating formation processes. It does
not appear likely that Cu removal can be achieved
after an anodized or conversion coated surface has
been formed without degrading corrosion resistance.

A possible remedy to this dilemma is to simulta-
neously remove Cu while forming the corrosion re-
sistant coating. This has been implemented in a
modification to an alkaline oxide coating process that
results in the formation of a corrosion resistant
coating consisting predominantly of hydrotalcite,
Li>[AlL(OH)g],'CO53H,0. These coatings are uni-
form and do not contain Cu in excess of the nominal
Cu content of the alloy substrate. Coatings formed
on 2024-T3 (Al-4.4Cu-2.5Mg—0.6Mn) using this
method exhibit no pitting after 168 hours of salt
spray exposure. This level of performance is compa-
rable to that of corrosion resistant grade chromate
conversion coatings.

In this paper the modified hydrotalcite coating
process is described. The resulting coating morphol-
ogy, structure and composition are reported for the
original hydrotalcite coating process and for the
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modified process. Results from electrochemical cor-
rosion testing and standardized salt spray exposure
corrosion testing are presented. Last, the phenome-
non of Cu removal during coating formation is ra-
tionalized using data reported in the literature for Cu
solubility and Cu complexing by carbonate.

2. Experimental procedures
2.1. Materials and surface preparation

Aluminium alloy samples 100 mm X 125mm X 2 mm
thick were prepared from 2024-T3 (Al4.4Cu-—
2.5Mg—0.6Mn) sheet stock and were used for all ex-
periments. In the T3 temper, the alloy is naturally
aged for a minimum of 30 days. Copper is segregated
into a variety of second phase particles and is also
retained in solid solution.

Mill finish surfaces were prepared for coating by
washing in an aqueous alkaline detergent solution to
remove paint, grease and dirt. Samples were then
immersed in a nonetching sodium silicate—sodium
carbonate solution at 65°C for 2min to remove any
additional hydrocarbon contamination. Surface de-
oxidation was performed by immersion in a com-
mercially available nitric acid—sodium bromate
solution at 50 °C for 2min [11]. Hydrotalcite coating
formation was conducted by immersing samples in a
solution comprised of 7.2gdm™ lithium carbonate,
Li,COs, plus 0.4 gdm™ sodium aluminate, NaAlO,,
pH 11.5 for 15 min. At this point, some of the panels
were set aside and allowed to air dry in advance of
further testing. The remaining samples were then
immediately immersed in a solution containing
72gdm™ Li,CO5; 7.4gdm™ lithium hydroxide,
LiOH; and 4gdm73 NaAlO, at 55°C for 180 min.
This second solution had a pH of approximately 13.5.
Samples were rinsed with flowing deionized water in
between each processing solution. After processing,
these samples were also allowed to dry in air at
ambient temperatures. Samples exposed to the first
solution only were prepared according to the original
hydrotalcite formation process. Samples exposed to
both solutions were prepared according to the mod-
ified process.

2.2. Characterization of surfaces

The morphology of sample surfaces was examined
using scanning electron microscopy (SEM) carried
out on an Amray 1645 scanning electron microscope.
Grazing incidence angle X-ray diffraction (GIXRD)
was used to identify compound present in surface
films formed during exposure. Samples were exam-
ined using a Siemens D500 diffractometer at a grazing
incidence angle of 4°. At this angle, the target sam-
pling depth was approximately 1.0 um. Auger elec-
tron spectroscopy (AES) and ion etching were used to
generate sputter depth composition profiles for ele-
ments of interest. AES was conducted using a Phys-
ical Electronics PHI 660 scanning auger microprobe.

Sputtering was conducted using a rastered 3kV Xe "
ion beam. Individual element signals were corrected
using the appropriate sensitivity factors to generate
semiquantitative composition against depth profiles.

2.3. Corrosion testing of coated surfaces

The corrosion resistance of coated surfaces was
evaluated using electrochemical impedance spectros-
copy (EIS) and salt spray exposure testing. EIS was
conducted on coated surfaces exposed to 0.5M NaCl
solution exposed to ambient laboratory air. Mea-
surements were initiated after 24 & 1 h of exposure.
Measurements were made using a three electrode
arrangement (saturated calomel electrode as refer-
ence) in a flat cell that exposed 20cm? of working
electrode area. The cell was controlled using a
Princeton Applied Research model 273 potentiostat
and a Solartron 1255 frequency response analyser
controlled by a commercially available software
package [12]. EIS spectra were collected over a fre-
quency domain ranging from 10 kHz to 10 mHz using
a 10mV amplitude sinusoidal voltage perturbation.
Spectra were collected at a rate of 10 points per de-
cade frequency. EIS data were fitted to an equivalent
circuit model using a complex nonlinear least squares
fitting routine to extract coating resistances and ca-
pacitances.

Salt spray testing was conducted for 168h per
ASTM BI117 [13] which specifies exposure of coated
panels at 35°C (95°F) to a fog generated by atom-
izing a 5% NaCl solution and injecting it into an
enclosed exposure chamber. After exposure, samples
were rinsed in deionized water and visually inspected
for evidence of corrosion damage.

3. Results
3.1. Hydrotalcite coating

Degreasing and deoxidizing procedures were carried
out prior to coating to remove organic debris and
surface oxide films. Sample surfaces exhibited a dull
metallic finish indicating very slight etching during
deoxidation. Upon immersion in to the pH 11.5 Li-
salt solution, vigorous hydrogen evolution occurred
and a black to grey surface film developed. Hydrogen
evolution ceased within 2min of initial exposure al-
though samples were immersed for a total of 15 min.
A group of samples were removed and withheld from
further processing and retained for surface analysis
and corrosion testing, the remainder were further
processed by exposure to the pH 13.5 Li-salt solution.
Upon immersion in this solution, samples once again
evolved hydrogen at a moderate to slow rate for a
period of up to 5Smin. The surface then changed
colour from black or grey to green/yellow and even-
tually cleared leaving a white translucent coating. The
colour transformation was complete within 60 min
although samples were immersed in this solution for a
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total of 180 min. In all cases the coatings formed were
thin and adherent to the alloy substrate.

3.2. Surface characterization

Surfaces of samples from each group were examined
by SEM, grazing incidence X-ray diffraction (GI-
XRD), and auger electron spectroscopy (AES).
Figure 1 is a scanning electron micrograph of a 2024-
T3 surface after exposure in the pH 11.5 Li-salt so-
lution. The surface film is featureless except for
cracks that probably formed as the film shrank dur-
ing drying. Figure 2 shows the surface morphology
after the additional 180 min exposure to the pH 13.5
Li-salt solution. In this case, the distinctive surface
morphology associated with hydrotalcite coatings is
observed [14]. The coating shown in Figure 2 is
continuous across the surface and forms over Cu,
Mg, and Fe-rich second phase particles present in the
alloy. Figure 3 illustrates the continuity of the coat-
ing using a topology sensitive secondary electron
imaging (SEI) mode. Figure 4 shows the same region
imaged using a composition sensitive backscattered
electron imaging (BEI) mode. This micrograph re-
veals the location of Cu and Fe-rich particles in the
image frame of Figure 3. Comparison of Figs 3 and 4

Fig. 1. SEM of a 2024-T3 surface after exposure to the pH 11.5
Li-salt solution for 15min.

Fig. 3. SEI of 2024-T3 after exposure to pH 11.5 and 13.5 Li-salt
solutions showing uniform coating coverage.

shows that the coating forms without interruption
over the solute-rich second phase particles.

Figures 5 and 6 show oxygen, copper and alu-
minium sputter depth profiles for the surface of 2024-
T3 with and without exposure to the pH13.5
solution. Figure 5 shows the depth profiles for Al, O
and Cu for a surface after exposure to the pH11.5
solution. A Mg profile was also collected, but has
been omitted for clarity. The surface film and sub-
strate regions can be clearly distinguished by the
sharp decrease in the oxygen signal and the corre-
sponding increase in Al signal after 2000s of sput-
tering time. The Cu profile exhibits a broad
maximum with a peak concentration that is approx-
imately four times the concentration present in the
alloy substrate. As has been found in other studies,
this maximum occurs near the oxide-metal interface
[7]. It should be noted that there was also a maximum
in the Mg profile at the same position noted for Cu.
The level of peak Mg enrichment was also approxi-
mately four times that observed in the alloy substrate.

Figure 6 shows depth profiles after exposure to the
pH 13.5 solution. As in Fig. 5, the oxide metal
interface is reached after approximately 2000s of
sputtering indicating little or no net change in coating
thickness during exposure to the pH 13.5 solution

Fig. 2. SEM of a 2024-T3 surface after exposure to pH 11.5 Li-salt
solution for 15min followed by exposure to pH 13.5 Li-salt solu-
tion for 180 min.

Fig. 4. BEI of the same region shown in Fig. 3 indicating the
location of Cu, Fe, Mn-rich second phase particles (bright spots)
covered by the coating.



506 R. G. BUCHHEIT
1.0 —— —— — — T T [T TTTTTTT T T T T T T
- ' I I l H ‘ Bayerite
_S 0.8] - ’ ‘ ‘ ‘ ‘Hydrotalcite
S - Aluminum 1 .
c [ 1 2
0.6 i )
2% i<
s I ] =
0.4 N %)
2 4 : o
E ] =
g 0.2 .
0.0

0 2000 4000 6000 8000 10000
Sputter Time/ s

Fig. 5. Al, O and Cu sputter depth profiles from the surface film
formed after exposure to the pH 11.5 solution.

assuming similar sputter rates for each oxide film. In
this case, the maximum in the Cu concentration
profile is absent showing that exposure to this solu-
tion removes Cu from the coating. The maximum in
the Mg concentration profile detected after pH 11.5
exposure was also eliminated.

Figure 7 shows GIXRD patterns for 2024-T3
surfaces with and without exposure to the pH 13.5 Li-
salt solution. The lower pattern is from the surface
exposed to the pH 11.5 solution. This pattern con-
tains the major reflections for aluminium from the
underlying substrate (at 38° and 44° 26) and for
Al(OH); as bayerite which is present in the surface
coating. The pattern also contains reflections near
30° 20 that could not be conclusively indexed. The
upper GIXRD pattern is from a surface after expo-
sure to the pH 11.5 solution and the pH 13.5 solution.
Aluminium and bayerite reflections are again ob-
served. Additional reflections due to hydrotalcite are
observed. The unindexed reflections near 30° in the
lower pattern are now absent suggesting that they
were associated with a Cu or Mg-containing com-
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Fig. 6. Al, O, and Cu sputter depth profiles from the surface film
formed after exposure to the pH 11.5 and 13.5 Li-salt solutions.
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Fig. 7. GIXRD patterns from surfaces of 2024-T3 exposed to
pH 11.5 solution (lower) and both the pH 11.5 and 13.5 solutions
(upper). Uppermost hashes indicate locations of major bayerite
and hydrotalcite reflections.

pound that was removed during exposure to the
pH 13.5 solution.

Coating thicknesses were not directly measured in
these experiments. However, based on prior work, it
is known that the hydrotalcite films formed on 99%
pure Al in a pH 13.5 solution are 3 to 5 um thick [4].
These thicknesses are appropriate estimates for the
coatings formed in these experiments.

3.3. Corrosion resistance

In both electrochemical and salt spray exposure cor-
rosion testing, the results of which are described be-
low, corrosion resistance increased in the order:
uncoated < coated in pH 11.5 solution < coated in
pH 11.5 and 13.5 solutions. The corrosion resistance
of the samples treated in both solutions was great
enough that no pitting was observed after 168 h of salt
spray exposure. Bare surfaces and surfaces coated in
the pH 11.5 solution were heavily corroded and were
virtually indistinguishable after salt spray testing.

Figure 8 shows impedance data in Bode magnitude
and Bode phase angle plot formats for 2024-T3 sur-
faces in the three conditions of interest. On a quali-
tative basis, these spectra can be interpreted using an
equivalent circuit (EC) model proposed for damaged
porous aluminium oxide surfaces [15-17]. The model
accounts for contributions to the spectra from the
oxide covered surface and from damage due to pit-
ting in the experimentally accessible portions of the
frequency domain.

The selection of the EC model used to fit the EIS
data is based in part on the structure of the
hydrotalcite coating shown in Fig. 9. This figure
shows a cross section of the coating in which the
substrate, a dense inner layer, and a porous outer
layer can be identified. Figure 10 is an idealized
physical representation of the coating showing the
two layers of the coating. The model accounts for the
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Fig. 8. Bode magnitude (a) and phase angle (b) plots for 2024-T3
surfaces in the three conditions of interest after 24 h of exposure to
0.5M NaCl. Markers represent EIS data, lines represent the CNLS
fit. Key: (O) bare, (&) pH11.5 and 13.5, () pH 11.5.

presence of pits for situations when damage has oc-
curred. Figure 11 shows an EC model constructed
using discrete circuit elements derived from the
physical model of Fig. 10.

Fig. 9. TEM cross section of the hydrotalcite coating showing two
distinguishable layers in the coating.

Alloy
Substrate

Fig. 10. Idealized physical model of the coating.

In this model, F represents the area fraction of the
surface that is pitted. Ry, is the solution resistance,
R; and Cy, and R, and C, represent resistances and
capacitances associated with the two layers of the
coating. Ry is a resistance due to the pit solution and
Reorr and Cgg,, describe the faradaic reactions oc-
curring within the pit. The use of this specific model
and the appropriateness of discrete or distributed
circuit elements is still the subject of some debate.
However, this model is judged to be suitable for the
purposes of evaluating relative differences in corro-
sion resistance among the samples studied here.

In Figure 8 the experimentally determined EIS
data are indicated with symbols. The continuous
lines indicate the CNLS fit from the EC model. In
the Bode magnitude plot, the bare 2024-T3 sample
and the one exposed to the pH 11.5 solution exhibit
well defined d.c. limits between 1 and 2 x 10° Q. The
plot for the sample exposed to the pH 11.5 and 13.5
solutions exhibits a far more capacitive response and
does not reach a well defined d.c. limit at 107> Hz. In
the context of the damage porous aluminium oxide
EC model, this response is consistent with a signifi-
cant amount of damage by pitting for the bare and
pH11.5 samples and little pitting damage for the
pH11.5 and 13.5 sample. Visual observation after
testing confirmed this to be the case. The 2024-T3
sample exposed to the pH 11.5 solution exhibits a
slightly greater d.c. limit than the bare sample. This
response indicates marginally better corrosion resis-
tance compared to bare surfaces. Visual examination

(1-F)+ C1 (1-F) = C2
R1/(1-F) R2/(1-F)
—AN—
Rsol F e Ccorr
Rpit/F
Rcorr/F

Fig. 11. Generalized equivalent circuit model used to fit EIS data.
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showed that this surface was pitted after testing,
but suffered noticeably less damage than the bare
surface.

Examination of the phase angle plot in Fig. 8
shows that the bare 2024-T3 sample exhibits a single
time constant likely due to pitting. In contrast, the
sample exposed to the pH 11.5 solution exhibits two
discrete time constants, one due to pitting, the other
is likely due to the incompletely protective coating.
The sample exposed to the pH11.5 and 13.5 solu-
tions exhibits a broad, somewhat lossy capacitive
region.

Values for the circuit elements defined in the EC
model are shown in Table 1. The parameters in
Table 1 have been normalized by electrode area
(20cm?), not by fractional area pitted which varied
from sample to sample and was not measured. For a
surface with a fractional pitted area, F, the clements
are solution resistance (R)), pit electrolyte resistance
(Rpit/F), pit corrosion resistance (Reorr/F), pit capac-
itance (FC.or). The latter two elements were taken as
the primary figures of merit for determining coating
corrosion resistance. An explicit accounting of a du-
plex coating was made by using the two parallel R—-C
nets comprised of R;/(1-F), (1-F)Cy, R>/(1-F), and
(1-F)C,. However, these elements were not assigned
to specific layers of the coating and, as shown in the
Table, each element was not always required for a
CNLS fit.

The Reorn/F value of 3.4 x 10°Q cm? and FC.,,
value of 3.9 x 107*Fcm™ are consistent with pitting
corrosion of bare 2024-T3 exposed to an aerated
chloride solution. The increase in R.../F and de-
crease in FC.,, shown in Table 1 indicate a slight
decrease in pitting corrosion for the sample exposed
to the pH 11.5 solution. However, the sample exposed
to both the pH 11.5 and 13.5 solutions exhibits an
Reor/F value of 3.4 x 10°Q cm? indicating high
corrosion resistance.

4. Discussion
4.1. Origin of copper

In 2024-T3 copper is dissolved in solid solution in the
matrix phase of the alloy and is concentrated in to
a variety of second phase particles. Predominant
particles include (Al Cu)s(Mn,Fe,Cu), Al;Cu,Fe,
(Al, Cu)Mn, and AlL,CuMg [18]. During surface
finishing in extremely alkaline or acid solutions, Cu
surface enrichment likely occurs by particle dissolu-

tion and dealloying and possible dealloying of the
matrix phase. Details of how Cu is extracted and
redistributed from noble second phase particles
across the surface have not been fully explained, but
the phenomenological evidence indicates that the
process does occur [19, 20].

Among these second phase particles listed, the
Al,CuMg type should be singled out, because it may
contribute significantly to Cu enrichment at surfaces.
These particles form during solidification and never
fully redissolved in any subsequent thermomechani-
cal processing. AlLCuMg has been observed to make
up 60% of the population of second phase particles
0.5 to 10 um diameter range [20]. Electrochemical
characterization experiments with the compound
synthesized in bulk form suggest that it can be elec-
trochemically active with respect to the surrounding
microstructure [21].

4.2. Copper removal by alkaline carbonate solutions

In terms of corrosion resistance, the primary benefi-
cial effect is derived by exposure to the pH 13.5 so-
lution, but sequential exposure to both solutions
must be used to avoid inferior performance. In the
pH 11.5 solution, surface oxide formation is rapid
and little substrate etching occurs. This coating offers
little corrosion resistance, but does suppress etching
that would otherwise occur during exposure to the
pH 13.5 solution. In this second solution, improved
corrosion resistance is developed. Cu is removed from
the surface, and the oxide layer is converted to a more
protective hydrotalcite coating.

Two factors appear to contribute to the removal of
Cu observed during exposure to the pH 13.5 solution.
These are: (i) the increased Cu solubility and (ii) the
formation of stable cupric carbonate complex that
shifts the Cu reduction potential to values more
negative than the open circuit potential for the alloy.

Figure 12 shows the total Cu solubility as a func-
tion of solution pH[22]. Copper exhibits a solubility
minimum at pH 9.8 to 10 where log[Cu®?"] = —9.48.
For coating solutions in the pH 11.0 to 11.5 range,
which is the pH of the first coating bath, the total Cu
solubility remains less than 10~®wm. Formation of a
Cu-rich oxide layer on the alloy surface is not an
unexpected phenomenon. However, beyond the sol-
ubility minimum, total Cu species solubility increases
with increasing pH. At pH13.5 the Cu solubility
increases approximately four orders of magnitude
to 2 x 107 m.

Table 1. Summary of values obtained from CNLS fitting of EIS spectra

Sampli’ Rsol Rpit/F Rcorr/F FCcorr Rl/(l_F) (I_F)Cl RZ/(l_F) (I_F)CZ
/Q /Qcm? /Q cm? JFem™ /Qcem? JFem™ /Qcm? /F cm™
Bare 8.2 0.9 x 10° 3.4 x10* 3.9x107* 7.4 % 10* 3.9x107° - -
pHI1L.5 5.9 - 1.2x10° 1.4x 107 7.7 x 10* 22x107° 3.5 % 10° 1.5x107¢
pHI11.5 6.1 - 3.4 x 10° 47x107° 9.9 x 10° 42x107° - -

and 13.5
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Fig. 12. Total equilibrium Cu solubility as a function of pH com-
puted assuming a CuO-saturated solution and speciation of Cu®”*
among dominant soluble hydrolysis products [23].

In the carbonate solutions used here, there is an
added contribution to Cu solubility by formation of a
stable cupric carbonate complex, Cu(CO3)§_. This
complex forms according to the following reaction
[23]:

Cu?* +2C03~ — Cu(CO3)3 (aq)
(log Kiorm=9.83) (1)

where Kpo.m 18 the formation constant for the com-
plex. The formation of Cu(C03)§7 increases the
ability of these solutions to dissolve and retain Cu
from coated surfaces by an additional three orders of
magnitude. The magnitude of this effect is estimated
by calculating the solubility limit for Cu(CO3); in
equilibrium with malachite, Cu(OH),(COs3), which is
a likely Cu compound in the oxide film formed in the
pH 11.5 solution [23]:

{CU(CO3)§7:| = Kform X Ks X Kal X Kaz
=05m (2)

where Kporm is the formation constant from Equa-
tion 1, K, is the solubility product for malachite
(logKs = 6.49), K, and K, are the acid dissociation
constants  for  bicarbonate and  carbonate
(logKy = —6.37,log K,y = —10.25).

Redeposition of Cu?" in solution onto the alloy
surface is possible but may be restricted in the
pH 13.5 solution since the Cu reduction potential is
shifted to a value that is equal to or more negative
than the measured open circuit potential for the alloy.
At pH 13.5 the Cu/Cu(OH), reduction potential is
given as follows [4]:

ECu/Cu(OH)2 =0.609 — 0.0591 pH
= —0.189 Vsug or —0.430 Vsce  (3)

The reduction potential is shifted in the negative di-
rection due to Cu(COz)g_ formation by an amount V
given by

V' =2.303 (RT/nF) log Kiorm
=-0291V (4)

where the gas constant R is 8.31JK 'mol™!, T is
298K, n is 2equiv.mol™', and Faraday’s constant is
96 500 C equiv.”". The corrected Cu/Cu(OH), reduc-
tion potential becomes —0.721 Vscg which is negative
to the typical open circuit potential for oxide covered
2024-T3 (-0.700 to —0.500 VscE) [5].

5. Summary

A two stage hydrotalcite coating process involving
exposure to a pH11.5 Li-salt solution followed by
exposure to a pH 13.5 solution produces corrosion
resistant hydrotalcite films on Al-Cu-Mg alloys.
These films are free from Cu in excess of the con-
centration present in the alloy. Oxide films formed
using this method exhibit total impedances greater
than 10°Q cm? after 24 h exposure to aerated 0.5 m
NaCl and withstand 168 h of salt spray exposure
without pitting. Cu appears to accumulate in oxide
films formed during exposure to pH 11.5 Li-salt so-
lutions, but is subsequently removed when samples
are exposed to a pH 13.5 solution due to increased Cu
solubility and complexing by carbonate.
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